Abstract: The observation of the bright pulses and dark square pulses in a graphene-oxide saturable absorber (GOSA) passively mode-locked ytterbium-doped fiber laser has been investigated experimentally. Bright pulses are achieved at a pump power of $200 mW. However, the dark-square-pulse generation starts at a much higher pump power of $450 mW. At the maximum pump power of 600 mW, the dark-square-pulse bunches and harmonic mode locking (HML) can be also obtained by tuning the polarization controller (PC) to different orientations. It is the first demonstration of the bunches and HML of dark square pulses in a GOSA passively mode-locked ytterbium-doped fiber laser with large normal dispersion cavity.
Introduction
It was well known that Q-switching or mode-locking in a passively fiber laser generated bright pulses originally [1] , [2] , and it would be interesting to know that a passively fiber laser could emit dark pulses. Bright and dark solitons could be governed by the nonlinear Schrö dinger equation (NLSE) [3] . Dark solitons are also solutions of the complex Ginzburg-Landau equation (CGLE) [4] , [5] . In particular, in the anomalous dispersion SMFs, bright solitons could be formed, while in the normal dispersion SMFs, dark solitons, characterized as a localized intensity dip on a continuous wave (CW) background [6] , could be formed. Compared with bright soliton, numerical simulations revealed that dark solitons spread more slowly in the presence of fiber loss and could be more stable in the presence of noise. Furthermore, some experimental results pointed out that dark soliton could be generated and maintained over considerable fiber length [7] . The above listed features indicated that dark solitons would have some better applications in optical-processing systems [8] . For example, the dark-pulse laser was envisioned as a tool for infra-red (IR) communications and measurements [9] . Dark pulses could be useful in signal processing and could be also used like a camera shutter for a CW light beam in optical networks [9] . Atom optical clock would be more widely applied if the dark pulse lasers could achieve a much smaller size and a simpler structure [10] . Recently, dark solitons have been observed in mode-locked fiber lasers. Quiroga-Teixeiro et al. [11] theoretically investigated a mode-locking mechanism by dissipative four-wave mixing and predicted the formation of a dark soliton in the laser. The direct generation of dark pulses in a mode-locked fiber cavity was firstly demonstrated by Sylvestre et al. [12] . Then, Zhang et al. [13] have experimentally demonstrated single and multiple dark pulse emission in an all-anomalous fiber ring laser with the nonlinear polarization rotation (NPR) technique for mode locking. Later, the observation of dark pulses were demonstrated in dispersion-managed (DM) fiber ring lasers with either net normal or net anomalous cavity group velocity dispersion (GVD) [14] , [15] . In addition, several new types of dark pulses were theoretically predicted and experimentally observed in fiber lasers [16] - [19] . Tang et al. [20] not only experimentally confirmed the existence of dark solitons in the fiber laser but also identified that the dark pulses observed previously were bunches of the dark solitons and showed that the dark soliton formation is a generic feature of the all-normal-dispersion-fiber lasers. Gao [21] has demonstrated the generation of the fundamental dark square pulses in a ring cavity with a 207-m long tellurite single-mode fiber which could provide the high nonlinearity, high birefringence, and large normal dispersion for the formation of the dark square pulse. In addition, as an important technique to increase the dark pulse repetition rate, the relevant HML fiber lasers have been a particularly attractive and growing research region. The dark pulses with tunable repetition rate were experimentally observed from an EDF ring laser [22] . Dark pulses and their HML counterparts have also been obtained in an ytterbium-doped fiber (YDF) ring laser with a long cavity [23] .
Recently, GO has been widely investigated as novel SAs due to its own chemical characteristics and physical. As far as what we knew, it has been successful in hundreds of demonstrations that using graphene-oxide saturable absorber (GOSA) for the realization of mode-locking [24] - [29] , and most the existing results were about bright pulses. However, no references about dark square pulses emission from the mode-locking fiber lasers using GO as SA were reported.
In this letter, besides the bright pulses, we have also demonstrated the dark square pulse in a GOSA passively mode-locked YDF laser with large normal dispersion cavity. Dark square pulse bunches and HML are also obtained by rotating the orientations of the polarization controller (PC) at the maximum pump of 600 mW.
Sample Preparation and Experimental Setup
The fabrication method of GO-based SA is similar to our previous works [30] - [32] . The flake of the oxidized graphite is about 1 $ 3 atomic layers and 0:1 $ 5:0 m of the diameter. At the first step, $0.6-mg GO powder was poured into $10 ml 0.1% sodium dodecyl sulfate (SDS) aqueous solution with ultrasonic agitation for more than 10 h and centrifugation for removing large GO clusters. Then, the upper portion of the prepared solution was decanted and then mixed with 0.4-g poly vinyl alcohol (PVA) powder with ultrasonic agitation for 3 h at $ 90 C. Lastly, the GO/PVA solution was vertically evaporated in a polystyrene cell for about 2 days at $ 40 C. The GO/PVA film was obtained after separation with the polystyrene cell, as shown in the inset of Fig. 1(a) . It can be seen that both the GO concentration and film thickness increased from the top to the bottom due to the increasing evaporation time experienced. The thicknesses of the GO/PVA film can vary between 20 m and 120 m. The prepared GOSA was cut in $1 Â 1 mm 2 small pieces, then we sandwiched one piece which with relatively higher thickness and concentration between two fiber connectors (FC-PC) in the cavity. An UV/Vis Spectrometer (Perkin Elmer, lambda 950) was employed to measure the linear optical transmission of the GO cell, as shown in Fig. 1(a) . The saturable absorption property of the GO was shown in Fig. 1(b) . The laser source used was a homebuilt mode-locked oscillator with 5 MHz repetition rate and 150 ps pulse duration operating at about 1064 nm. The date obtained from the experiment was then fitted according to
where I is the input laser intensity, I sat is the saturation intensity (the intensity with the absorption coefficient of half the initial value), ðIÞ is the intensity-dependent absorption coefficient, and 0 and ns are the modulation depth and the non-saturable loss, respectively. The results give a saturation intensity of $12:8 MW/cm 2 , modulation depth of $26.1%, and non-saturable loss of $42.2%. The experimental configuration is shown in Fig. 2 . The all-fiber ring laser cavity features 976-nm pumping of a 1.4-m-long YDF (core absorption of 250 dB/m@975 nm and GVD parameter of À27:5 ps 2 =km@1060 nm) through a fused 980/1060 wavelength division multiplexer (WDM) coupler, with a maximum pump power of 600 mW. A polarization insensitive optical isolator (ISO) is inserted in laser cavity to ensure unidirectional operation, and a three-spool PC is employed to control the polarization state of the pulses. A 20/80 fused fiber optical coupler (OC) is used to extract $20% energy from the cavity for signal detection. A bandwidth filter with a central wavelength of 1064 nm and 3 dB bandwidth of $5 nm is inserted into the cavity for suppressing the mode competition effect. The prepared GO-based SA is sandwiched between two fiber connectors. All these components are made of SMF-28 or pigtailed with SMF-28. $490 m length of SMF-28 is incorporated to lengthen the cavity. The GVD parameter of SMF-28 is $17:7 ps 2 =km at 1064 nm. The total cavity length is $492 m; thus, the net dispersion of the laser cavity is estimated $8:645 ps 2 . The monitoring of the output temporal pulse trains and optical spectrum is performed using a 1-GHz digital phosphor oscilloscope (Tektronix DPO7104C) and an optical spectrum analyzer (OSA, AQ6370B) with a minimum resolution of 0.02 nm. The pump power and output power are monitored by a photodiode power meter (COHERENT).
Experimental Results and Discussion

Bright Pulse
The laser threshold pumping power for CW operation was $147 mW. The fundamental modelocking operation was achieved by increasing the pump power to $200 mW and with an appropriate setting of the PC. As shown in Fig. 3(a) , the fundamentally pulse train had a uniform pulse interval of $2:408 s, corresponding to the cavity roundtrip time, which was determined by the cavity length. The repetition rate of the laser was $415.3 kHz. The figure inset showed that the corresponding central wavelength was 1063.7 nm, and the 3-dB spectral bandwidth was 0.35 nm. The Fig. 3(b) showed the full width at half maximum (FWHM) of the bright pulse was $5.5 ns.
Dark Square Pulse
At pump power of 450 mW, the laser emission could be tuned from the bright pulse emission first to a CW operation state, and then to a dark pulse emission state by continuously adjusting the PC. The corresponding oscilloscope trace was shown in Fig. 4(b) , which represented as a narrow intensity dip in the strong CW laser emission background. The corresponding repetition rate was $415.3 kHz. Although the formation of dark pulse was away from mode-locking [13] , [18] and was due to modulation instability [33] , the saturation effect was still needed, which could be approved by the numerical simulations by Zhang et al. [18] . It has been proved that graphene saturable absorber (GSA) could play its role in the generation of dark pulses by providing saturation effect in our previous works [34] . We were unable to obtain the dark square pulses without the GOSA in the cavity, so we believed that the GOSA could also play a role to emit dark square pulses by providing saturation effect in our cavity. In addition, as pointed in ref. [21] that the role of the 207 m long tellurite fiber in their cavity was decisive because it simultaneously provided the high nonlinearity, high birefringence, and large normal dispersion, all of which were crucial for the formation of a dark square pulse and were difficult to implement in a silica fiber of a short length on the order of several hundred meters. Although lacking of a tellurite fiber in our cavity, the total cavity length was $492 m, which may also provide enough nonlinearity, birefringence, and normal dispersion, in combination with the GOSA, caused the dark square pulse formation. In our experiment, the co-existence of much weaker bright pulses was exactly a sign of weak mode-locking by adjusting the PC properly (associated with the birefringence of the cavity) and changing the pump power (associated with the cavity gain). Fig. 4(b) showed the laser emission spectra in CW regime (a red curve) and in dark pulse regime (a black curve) at pump power of 450 mW. It was observed that the laser emission spectrum of the dark pulse was slightly broader, which was due to the nonlinear and dispersive effected.
The single pulse width of dark pulse could be detected by a 1 GHz digital phosphor oscilloscope because the pulse width of dark pulse was broader than the nanosecond scale [20] . Media 1 showed the recorded dark pulses trains at pump power of 450 mW. It could be seen that the dark pulse had a square shape, which was termed as dark square pulse here, and no fine structure was observed in the dark square pulse due to no intrinsic modulation instability existed. By fixing the PC, the duration of dark square pulse could be tuned by changing the pump power. We recorded the evolution of single pulse width as shown in Fig. 5(a) . At pump powers of 450 mW, 480 mW, 510 mW, 540 mW, 570 mW, and 600 mW, the corresponding pulse durations were 90.80 ns, 84.70 ns, 74.55 ns, 59.70 ns, 51.55 ns, and 42.05 ns, respectively. Worth mention was that the accompanied bright pulse became much weaker in this process, indicating the operation condition was closer to the non-mode-locking regime at higher pump power. As a result, the square shape of the dark pulse could be optimized by approximately increasing the pump power. exhibited the modulation depth which defined as the ratio of the minimal power of the dark pulse to the CW level and output power and with respect to the pump power. As can be seen, the output power almost linearly increased with the pump power, and reached to 47.40 mW at the maximum pump. The modulation depth became deeper from $28% to $40% as the pump power increased.
Bunches and HML of Dark Square Pulse
At the maximum 600 mW, new dark square pulses was found to be generated directly from the background noise by adjusting the PC carefully. Then the dark square pulse bunches would be observed. Finally, we obtained different types of bunches in which 2, 3 or 4 dark pulses coexisted in a round-trip time, as was shown in Fig. 6(a)-(c) . Each bunch simultaneously had the same shallowness, indicating that their darkness was the same. At the same time, the space between one to another dark square pulse in each bunch was equally, and the dark square pulses in each bunch maintained the same modulation depth. Their corresponding single pulse durations were measured as 45.90 ns, 47.50 ns, 46.15 ns as shown in Fig. 6(d)-(f) . The repetition rates of the three kinds of bunches were approximately equal to the fundamental repetition rate of $415.3 kHz.
Adjusting the PC carefully at the maximum pump power of 600 mW again, the bunch of dark square pulses would be unstable. Splitting of dark square pulses would occur or some new dark square pulses were generated directly from the background noise again. Then the new dark square pulses were unstable and rearranged themselves automatically. Eventually, new harmonic component was observed in the oscilloscope. Operation modes with the HML counterparts of dark square pulse of orders 2, 6, and 8 were shown in Fig. 7(a)-(c) , and the corresponding repetition rate were $0.8436 MHz, $2.4840 MHz, and $3.3740 MHz, respectively. P. Grelu had pointed out that high accumulated nonlinearity could lead to pulses splitting [35] . A $490 m length of SMF was incorporated into our cavity could provide enough nonlinearity to lead to the pulse splitting occur more easily. Dark square pulses in the cavity firstly went through the effect of dispersion and nonlinearity at a strong pumping of 600 mW. Then splitting of the dark square pulses would occur when the PC at an appropriate orientation, and new dark square pulses were unstable. And then, the relative phase and the interaction between the new pulses played a key role in the process. Finally, dark square pulse bunches and harmonic mode-locking would be obtained.
Conclusion
We have reported on the experimental observations of the bright pulses and dark square pulse in a GOSA passively mode-locked YDF laser with large normal dispersion cavity. The dark square pulse duration becomes narrower as the pump power increases. At a maximum pump power of 600 mW, the dark square pulse bunches and HML are also obtained by tuning the PC to different orientations. Furthermore, distinct operation regimes can be achieved in same GOSA when slightly changing the pump power and the polarization status in cavity.
